ABSTRACT Long and short repetitive sequences of rat DNA can be isolated and characterized. Long [>1.5 kilobases (kb)] sequences can be separated from short (0.2-0.4 kb) sequences by exclusion chromatography after renaturation of 4-kb DNA fragments to a repetitive Cot and digestion with the singlestrand-specific SI nuclease. (Cot is the initial concentration of DNA in mol of nucleotides/liter multiplied by time in sec.) Long repetitive DNA can be driven by an excess of whole rat DNA to measure its repetitive frequency. Excess long repetitive DNA can also be used to drive tracer quantities of either long (selfrenaturation) or short repetitive DNA. Both the extent and the rate of the renaturations are found to be similar, suggesting that long and short DNA fragments share sequences. When long repetitive DNA is used to drive whole DNA tracers of various lengths, a 3.2-kb interspersion period is found. These data are consistent with the concept that short repetitive sequences are present within long repetitive DNA sequences in the rat genome.
(1-4, t) have revealed that there are two size classes of repeated DNA sequences. In many organisms, interspersed sequences 0.2-0.4 kb long comprise 50-70% of the repeated DNA while the remainder of the repeated sequences are substantially longer, more than 1.5 kb (1 kb = 1000 base pairs or nucleotides) in length. The existence of two size classes of repeated sequences poses a number of interesting questions. First, are long and short sequences kinetically different? This question is answered by measuring the repetition frequency and complexity of purified long and short repeated sequences. A second question is perhaps more interesting: Do sequences that appear in short DNA sequences also appear in long sequences? This question is relevant to the "integrator gene" hypothesis (5) . Long "integrator" sequences also present throughout the genome as short interspersed sequences suggest batteries of control elements as proposed by Britten and Davidson (5, 6) .
In this paper we present data concerning the kinetic parameters of long and short repeated DNA sequences and we examine the sequence relationships between the two classes of sequences. Long and short repeated DNAs have been isolated by nuclease digestion and agarose A-50 fractionation. Long repeated DNA has been driven by whole DNA to determine repetition frequency, self-renatured to determine its complexity, and used to drive short repeated DNA to examine cross-renaturation. We do not find any significant kinetic difference between the long repeated DNA elements and all repeated rat DNA sequences by these criteria. In addition, there is evidence for some sequence homology between long and short repeated DNA sequences. A more sensitive experiment has been used to look for short sequences internal to long repeated DNA fragments. Long repeated DNA has been used to drive whole DNA tracers of various lengths to determine the interspersion period of these sequences in long whole DNA. Our data are consistent with the model that short repeated sequences are present in the long repeated sequence elements in the rat genome.
MATERIALS AND METHODS Preparation of DNA. Unlabeled DNA was extracted from rat ascites cells and labeled DNA was extracted from Novikoff hepatoma cells.t DNA fragments 3-4 kb long were prepared by shearing DNA for 45 min at 7500 rpm in a Virtis 60 homogenizer (7) in 30 mM NaOAc (pH 6.8). DNA was sheared to 0.35 kb at 50,000 rpm in the Virtis 60 and in 66% glycerol (7) . The DNA was then passed over Chelex 100 (Bio-Rad), filtered, and precipitated with EtOH.
Sizing DNA Fragments. Single-stranded DNA fragment lengths were determined by sedimentation through alkaline sucrose gradients. Isokinetic sucrose gradients (8) were formed in SW41 tubes in 0.1 M NaOH using a Vmix of 10.4 ml, Cflask = 16.0% (wt/vol), and Cr, = 43% (wt/vol). Gradients were centrifuged from 16 to 24 hr at 40,000 rpm. All tubes contained two markers of known molecular weight and samples were run at least two times. Molecular weights were calculated from sedimentation rates by the Studier (9) A26o(980) after subtraction of the buffer absorbance at each temperature.
DNA-DNA Renaturation. Samples that were not to be digested by S1 nuclease were incubated in 0.12 M phosphate buffer at 600 or in 0.48 M phosphate buffer at 700. After incubation, samples were frozen in dry ice/ethanol. Samples were thawed and diluted to 0.12 or 0.14 M phosphate buffer and passed over hydroxyapatite at 60°. The fraction bound was eluted after thermal denaturation at 1000. The fraction and rate parameters for the renaturation curves were calculated from a nonlinear least-squares program (11 Fig. 3A . The line drawn through the data displays the best least-squares fit. The dashed line above the data is the fit for whole genomal rat DNA.t Table 1 (part A) shows the results of a least-squares fit to the data. About half of the repetitive reaction takes place with a C0t1/2 of 0.337, corresponding to a repetition frequency of 7400. The remainder renatures with a C0t1/2 of 242, corresponding to a repetition frequency of 10.
Labeled long repetitive DNA elements (those excluded from A-50 agarose) were sheared to 0.35 kb and driven by 0.35-kb fragments of whole DNA to determine the repetition frequency of the long repetitive sequences. Fig. 3B shows the renaturation curve for the long repetitive sequences. 30-40% of the short fragments would be driven by long sequences. According to the results of Table 2 (part B), the sharing of sequences between short and long is therefore more than simple contamination.
Interspersion of Long Repeated DNA Sequences. Long repetitive sequences should be relatively free of short repetitive sequence contamination. It is difficult to imagine a mechanical shear, renaturation, or nuclease artifact that would create long repeated sequences from short ones. We have used long repeated DNA to drive various lengths of whole DNA tracers to determine whether the long repeated DNA is able to renature the interspersed short repeats of whole DNA. Fig. 5 shows the reaction of sheared long repeated DNA as driver at Cot of 0.5 with whole DNA tracers as a function of tracer length, corrected for zero time binding in the tracer. This experiment is similar to experiments done to determine the short repetitive sequence interspersion period in other organisms (2, 3, 13, 14,t). The dashed lines plotted in Fig. 5 are interspersion curves which can be drawn through data from whole DNA tracers of different lengths driven by whole rat DNA at Cot of 5 and at Cot of 50,t but we have used a particular class of repeated sequences (Fig.  5 , solid line) instead of whole DNA as driver.
The interspersion of long repeated elements is similar to that of all repeated DNA sequences in the rat. The increase in hydroxyapatite-bound DNA from 12% at zero length to 32% at 1.8 kb cannot be due to a reaction between long repeated elements (sheared driver) and the complementary long segments in whole DNA tracer. The difference in the single-stranded tail length would only account for a 20% change (from 12.0 to 14.4%) if only long sequences (i.e., 1.5 kb) in a 1.8-kb whole DNA tracers had renatured. Some of the sequences in the long Proc. Natl. Acad. Sci. USA 74 (1977) repeated DNA preparation are apparently able to react with short sequences interspersed throughout the genome.
The 3.2-kb best-fit interspersion period is slightly longer than the 2.5-kb value found for whole short repeats in whole rat DNA.t It suggests that some long repetitive DNA elements are interspersed with a longer period than is found for the period of the short repeats. DISCUSSION The renaturation experiments we have presented all suggest that there are no significant differences in complexity or repetition frequency between most of the long and short repeated DNA sequences in the rat. Eden et al. (16) have measured the repetition frequency, complexity, and sequence overlap between long and short repeated sequences in the sea urchin. They found that the repetition frequencies of the long and short repetitive sea urchin sequences in whole DNA are similar, with the long sequences repeated slightly less frequently. They also found the kinetic complexity of the short sequences to be about 3 times that of the long DNA elements, reflecting the fraction of long sequences in the whole repetitive sequence population of the sea urchin (about 30%).
The cross-renaturation results-using long repetitive sequences to drive short repetitive sequences-in the sea urchin are quite different from our results with rat DNA. In the sea urchin, short repetitive tracer was driven at a rate 1/10 that of the long repetitive driver. This result suggests that 10% or fewer of the sequences in long repeated DNA elements can renature with short repeated DNA sequences. This result contrasts with the results presented for the rat; we find no difference between short repetitive tracer renaturation and the self-reaction of the long repetitive driver.
There are two possible explanations for these conflicting results. First, the higher fraction of long repeated element in rat DNA may cause more cross-contamination problems. Second, the internal structure of the long repeated elements of the rat DNA may be different from those of sea urchin.
Under virtually identical digestion and fractionation conditions, we find that 40% to more than 50% of rat repeated DNA sequences from 4-kb fragments are excluded on agarose A-50, while Eden et al. (16) found with sea urchin that about 30% of the sequences from 2-kb fragments were excluded. The calculations we presented earlier suggest that as much as 70% of rat repeated DNA may be longer than 1 kb. Britten et al. (10) showed that almost 47% of isolated repeated sequence duplexes of sea urchin DNA are longer than 1 kb (mild S1 nuclease digestion). The smaller the fraction of true short repeats in a genome, the more difficult will be the isolation of the short repeat fraction free of long repeat contamination. While it may be simple to show that two repetitive sequence populations are distinct, it is difficult to demonstrate unambiguously the degree of true sequence overlap between them.
Only a small fraction of the repeated DNA in higher organisms can be accounted for by sequences of known function. Some of the long repeated sequences must include the transcribed multigene families, such as ribosomal and histone genes (17) (18) (19) , and must be distinct from short repeated sequences. Long repeated DNA sequences also form higher precision duplexes than do most of the short repeated DNA (1, 10, 12, In sum, our evidence suggests that long and short repeated DNA fragments share sequences in the rat. Possible contaminant artifacts contribute to ambiguity as to the extent of this sharing, but we have not been able to provide any strong evidence that long and short repetitive sequence sets are different from one another in the rat.
If long and short repetitive sequences are shared in the rat, a number of structural and organizational questions are raised. Some short repeated sequences may be present as a single sequence within a long repeated sequence or long repeated sequences may be arranged as tandem arrays of short repeats. In addition, some long repeated sequences may be made up of a number of different repeated sequences that are also found in the genome as short interspersed repeated sequences. Either structural model could provide the "integrator gene" function suggested by Britten and Davidson (5) .
